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Effects of ADP-ribosylation of GTP-binding protein by 
pertussis toxin on immunoglobulin E-dependent and - 
independent histamine release from mast cells and basophils. 

SattoH, Okajima F , Molski TF . Sha'afi RL Ui M . Ishizaka T . 

Pretreatment of rat peritoneal mast cells, human basophils, bone marrow- 
derived mouse mast cells (BMMC) and mouse mast cell line PT-18 cells 
with 1 microgram/ml pertussis toxin (PT) failed to inhibit immunoglobulin 
E (IgE)-dependent histamine release from the cells. In BMMC and PT-18 
cells, even 20-hr incubation of the cells with 1 microgram/ml PT, which 
ADP-ribosylates more than 97% of 41 kDa, alpha- subunit of Ni in the cells, 
failed to affect the IgE-dependent release of histamine or arachidonate. The 
results indicate that GTP-binding protein, Ni, is not involved in the 
transduction of triggering signals induced by cross-linking of IgE receptors. 
In contrast, pretreatment of rat mast cells with 1 ng/ml to 0.1 microgram/ml 
PT for 2 hr inhibited histamine release induced by compound 48/80 in a 
dose-dependent manner. A similar pretreatment with PT inhibited thrombin- 
induced histamine release from BMMC and N-formyl-L-methionyl-L- 
leucyl-L-phenylalanine-induced histamine release from human basophils in 
a similar dose-dependent fashion. However, even 20 hr of incubation of 
sensitized BMMC with 1 microgram/ml PT failed to inhibit either thrombin- 
induced or antigen-induced breakdown of phosphatidylinositides (PI), i.e., 
the formation of inositol triphosphate and diacylglycerol, Quin-2 signal, and 
the release of arachidonic acid. The results indicate that the inhibition of 
thrombin-induced histamine release by PT-treatment is not due to the 
inhibition of Pi-turnover, and that Ni is not involved in thrombin-induced or 
antigen-induced (IgE-dependent) hydrolysis of phosphatidylinositides in 
mast cells. 

PMID: 2438330 [PubMed - indexed for MEDLINE] 
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Thirty years of stimulus-secretion coupling: From Ca 2 to 
GTP in the regulation of exocytosis 
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Abstract — Calcium, initially considered as the universal link between receptor stimulation and the onset of exocytosis in secretory 
cells, is now recognised as only one of a number of intracellular activators. In cells of haematopoietic origin (including mast cells), 
the key activator is one or more GTPases. Cells of this class, stimulated with GTPyS can undergo exocytosis in the effective absence 
of Ca 2+ . A number of GTP-binding proteins that mediate exocytosis (G n ) have been proposed but the best evidence supports roles for 
members of the Rho family of monomeric GTPases and for py-subunits derived from G i3 . While preactivated Rac and Cdc42 can 
induce secretion from permeabilised mast cells in the absence of a guanine nucleotide py-subunits only act to enhance the secretion 
induced by other GTP-binding proteins (likely to be members of the Rho family of monomeric GTPases). Further work is required 
to identify downstream effectors activated by these GTP-binding proteins and to show how they interact with the SNAP and SNARE 
isoforms known to be present in these cells. © 2000 Socie'te' francaise de biochimie et biologie mole'culaire / Editions scientifiques 
et medicates Elsevier SAS 

stimulus-secretion coupling / Ca 2+ / GTP / regulation of exocytosis 



1. Introduction 

There has been an enduring interest in the regulation of 
secretory processes. A central role for Ca 2+ first became 
apparent in the 1960s, particularly with the work of W.W. 
Douglas. He showed that the secretion of catecholamines 
from adrenal chromaffin cells [1] is dependent on the 
presence of Ca 2+ in the extracellular medium. A role for 
Ca 2+ is evident also in cells which respond directly to 
stimulatory tigands and do not depend upon a membrane 
depolarisation. Among these are the cells of the immune 
system, in particular the mast cells (responding to ligands 
causing the cross-linking of receptors for immunoglobulin 
E (IgE)), neutrophils (responding to bacterially-derived 
formylmethionyl peptides, complement factors, aggre- 
gated IgG etc.), eosinophils (responding to cytokines). All 
of these cells, and also the neuroendocrine and endocrine 
cells, undergo secretion in response to treatment with 
Ca 2+ -carrying ionophores, (Streptomyces-derived prod- 
ucts which convey Ca 2+ through the lipid bilayer of 
membranes and thus act to raise the concentration of 
intracellular Ca 2+ ). Based on this wide experience and 
observations on several other cell types, and bearing in 
mind the established role for Ca 2+ as the regulator of 
muscle contraction, he proposed that Ca 2+ comprises the 
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key link in a train of events which he called stimulus- 
secretion coupling [2]. 

At that time, the role of Ca 2+ as a link between receptor 
activation and exocytosis was widely perceived in terms 
of a physical interaction between the doubly charged Ca 2+ 
ion and the negatively charged surfaces of the fusing 
membrane surfaces [3]. Thirty years later, a place for Ca 2+ 
at some point in the stimulus-secretion pathway remains 
assured but it is now apparent that it interacts with specific 
high affinity Ca 2+ binding proteins. What is not so clear is 
what these Ca 2+ binding proteins actually do [4]. More 
than this, it has become apparent that for some secretory 
cells and under some conditions, it is possible to induce 
secretion in the effective absence of Ca 2+ (intracellular 
Ca 2+ concentration < 10~ 8 M) and others in which Ca 2+ 
even acts to inhibit, rather than to promote secretion. 



2. Exocytosis without elevation of cytosolic Ca 2+ 

Nearly all the proteins implicated by the SNAHE 
hypothesis in exocytosis are universally expressed, and it 
is widely understood that all secretory cells employ the 
same basic mechanism to direct the fusion of the plasma 
membrane with internal vesicular membranes. This state- 
ment includes, of course, the class of myeloid cells and 
other cells of haematopoietic origin in which the place of 
Ca 2+ as the primary regulator is now being challenged. In 
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particular this statement encompasses the mast cells with 
which our work has been primarily concerned. These 
express an isoform of synaptotagmin (probably synap- 
totagmin III [5]) which is a potential Ca 2+ sensor [6]. Yet, 
in spite of all this, with the development of permeabilized 
cell preparations and also through patch clamp electro- 
physiology, it has become evident that the role of Ca 2+ in 
the ultimate stages of exocytosis in these cells is second- 
ary to that of another activator, namely GTP [7-9]. Indeed, 
there are circumstances under which exocytosis can be 
elicited even when Ca 2+ is effectively excluded from the 
system [8, 10, 11]. In neutrophils permeabilized (with 
Sendai virus), we found that the extent of secretion due to 
GTPyS was actually enhanced as the concentration of 
Ca 2+ was suppressed by the application of high concen- 
trations of EGTA or BAPTA (Ca 2+ chelators). It became 
clear that the determining events in this class of cells 
involve the activation of GTP-binding proteins. Our 
attention has therefore turned to the identification of the 
particular GTP-binding proteins that convey the signals to 
the secretory machinery, the pathways through which 
these GTP-binding proteins are activated and the imme- 
diate consequences of their activation. 



3. Two pathways leading to exocytosis 

In mast cells, the agents which stimulate the secretory 
reaction fall into two main classes. Specific antigens 
(allergens) act indirectly to cross-link the cell surface 
immunoglobulin receptors [12]. They do this by binding 
to IgE, which is tightly bound to high affinity Ig receptors 
(IgeRI) situated in the plasma membrane of mast cells and 
basophils. In fact, not only antigens, but any ligand that 
acts to cross-link the IgE receptors can act as a stimulus. 
Thus, lectins (which bind to polysaccharide chains ex- 
posed on the receptor), anti-receptor antibodies or oligo- 
merized Fee can all stimulate secretion. The cross-linking 
reaction initiates a series of phosphorylations on tyrosine 
residues [13] causing the recruitment and activation of 
phospholipase-Cv and consequent generation of IP 3 and 
diglyceride. This leads to the elevation of cytosol Ca 2+ and 
activation of protein kinase C [14]. The second class of 
activators comprises the so-called basic secretagogues. 
These include natural agents such as the wasp venom 
peptide mastoparan as well as the synthetic compound 
48/80. Agonists of this class, so-called receptor-mimetic 
agents, appear to bypass conventional receptors and to 
activate GTP-binding proteins directly [15]. They can 
induce exocytosis without activation of PLC and without 
elevation of cytosol Ca 2+ [16, 17]. This pathway has been 
implicated in a number of inflammatory conditions. Fi- 
nally, secretion from mast cells can also be induced by 
application of Ca 2+ -carrying ionophores which convey 
Ca 2+ ions directly into the cytosol without the involve- 
ment of any receptors or associated processes [18, 19]. 



Secretion due to all these agents can be prevented by 
application of metabolic inhibitors resulting in the deple- 
tion of ATP. 

The development of techniques allowing direct ma- 
nipulation of the composition of the cytosol, by perme- 
abilization or by application of a patch pipette, has 
provided the most direct evidence for the role of GTP and 
GTP-binding proteins. As shown in figure 1A, the poorly 
hydrolysable GTP analogue, GTPyS, can elicit secretion 
from permeabilized cells in the effective absence of Ca 2+ 
(10~ 9 M). In many other systems (e.g., neuronal, neuroen- 
docrine and endocrine cells) elevation of intracellular 
Ca 24 " is the major or at least a sufficient stimulus to 
secretion. However, while application of Ca 2+ in the range 
of 1-10 to permeabilized mast cells can elicit secre- 
tion, this remains dependent on the presence of GTP. This 
is made clear in figure IB which shows that secretion 
(measured as released hexosaminidase) increased as the 
concentration of GDP was elevated in the range 10-30 
\M. As the concentration of GDP was then further 
increased from 30 jiM to 1000 jiM the secretion was 
inhibited. The positive effect of GDP in the lower concen- 
tration range is, of course, due to its conversion to GTP by 
nucleoside diphosphate kinases, which remain active in 
the permeabilized cells [20]. Although dispensable, Ca 2+ 
invariably acts to enhance the level of guanine nucleotide- 
induced secretion. Also, pertinent to the discussion pre- 
sented below, there are conditions in which Ca 2+ is 
obligatory, particularly when the stimulus is applied after 
a period of time following permeabilization. (Note: the 
late application of a stimulus to permeabilised cells is 
applied as a procedure that permits introduction of exo- 
genous proteins.) 

Just as the presence of Ca 2+ is not an absolute require- 
ment for exocytosis from permeabilised cells, nor is ATP 
[7] and from this it follows that a phosphorylation reaction 
cannot be a determining step in the final stages of the 
stimulus-secretion pathway (meaning the steps following 
the activation of GTP-binding proteins). The sensitivity of 
intact ceils to metabolic inhibitors can be ascribed to the 
requirement for ATP in the tyrosine phosphorylation 
reactions leading to activation of PLCy and for maintain- 
ing the pool of GTP through the nucleoside diphosphate 
kinase reaction. On the other hand, just as with Ca 2+ , the 
system becomes ATP-requiring when the stimulus to 
secrete is applied after a delay of some minutes following 
permeabilization, allowing proteins to leak from the cells. 
This gives the clue that a phosphorylation state, not a 
reaction is obligatory. Such a state is likely to involve both 
protein and lipid phosphorylations, as outlined below. 
Among other important functions linked to the phospho- 
rylation state is the maintenance of a high effective affinity 
of the secretory process for Ca 2+ [21]. 

In intact cells, it is the mode of activation that deter- 
mines which GTP-binding proteins are involved. Thus the 
stimulation of mast cells by the polycationic, receptor- 
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Figure 1. The exocytotic mechanism of mast cells is dependent 
on guanine nucleotides and can occur in the effective absence of 
Ca 2+ . A. Secretion from permeabilized mast cells induced by 
GTPyS in the effective absence of Ca 2+ . Mast cells were 
incubated in the presence of streptolysin O together with MgATP 
(1 mM), calcium (buffered with EGTA at the concentrations 
indicated) and GTPyS. After 10 min the cells were sedimented 
and the supernatant was assayed for released hexosaminidase. B. 
Activation and inhibition of secretion from permeabilized mast 
cells by GDP. Mast cells were incubated in the presence of 
streptolysin 0 together with MgATP (1 mM), calcium (buffered 
with EGTA at the concentrations indicated) and GDP as indi- 
cated. After 10 min the cells were sedimented and the superna- 
tant was assayed for released hexosaminidase. 
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mimetic agonists is prevented by pertussis toxin pre- 
treatment, while activation by agents that cross-link the 
receptors for IgE is unaffected (see Note added in proof). 
Yet depletion of cellular GTP (by pre-treating cells with 
ribavirin or mycophenolic acid, inhibitors of IMP dehy- 
drogenase) prevents secretion due to all forms of stimu- 
lation [22, 23]. Importantly, this includes stimulation by 
Ca 2+ ionophores and it follows that we are looking for at 
least two GTP-binding proteins in the stimulus-secretion 
pathway. An obvious possibility that has been considered 
is that the activation of a GTP-binding protein causes the 
activation of phospholipase C, releasing inositol 1,4,5- 
trisphosphate (IP 3 ) and so causing the release of Ca 2+ 
from internal stores. However, the application of the 
aminoglycoside antibiotic neomycin, sufficient to cause 
full inhibition of phospholipase C, was shown to be 
without significant effect on secretion from the permeabi- 
lized cells [24]. Thus, not only is the role of Ca 2+ indirect, 
but phospholipase C also, plays no essential role in the 
exocytotic mechanism of these cells. From these and other 
experiments [16], it also became apparent that the site of 
action of Ca 2+ (and of course, phospholipase C) is situated 
upstream of the action of the GTP-binding proteins [8]. 

The first clues hinting at the identity of a heterotrimeric 
G-protein in the pathway initiated by the receptor-mimetic 
agents came through the application of reagents (peptides 
and antibodies) interacting with the C-termini of the 
a-subunits of G; proteins to permeabilized mast cells (and 
RBL-2H3, a mast cell related line) [25]. Only those 
reagents directed to a i3 caused inhibition: similar reagents 
having specificity for a i2 (strongly expressed in mast cells) 
were without effect. As a result, G i3 was proposed to have 
the properties of a G E , a GTP-binding protein that 
mediates exocytosis [25]. On the other hand, an important 
pointer for a role for monomeric GTP-binding proteins of 
the Rho family was the observation that PLhoGDI (a 
protein that solubilizes and sequesters GTPases of this 
class), applied to permeabilized cells, inhibits GTPyS- 
induced secretion [26, 27]. 

Inhibition by RhoGDI clearly demonstrates that one or 
more of the Rho-related GTPases must play a central role 
in the exocytotic mechanism and the generality of this 
pathway is hinted at by the finding that RhoGDI also 
inhibits secretion from permeabilized eosinophils (fig- 
ure 2). In particular, Rac and Cdc42 are strong candidates 
[28]. Rac first emerged as a possible G E protein as a result 
of the fractionation of brain cytosol. We used as an assay 
the ability of fractions to extend the period during which 
mast cells remain responsive to stimulation by GTPyS 
following permeabilization. This style of experiment, the 
'run-down* procedure, allows the introduction, by diffu- 
sion, of exogenous proteins into the permeabilized cells. 
Due to the simultaneous efflux of proteins of the cytosol, 
the propensity of the cells to remain responsive to stimu- 
lation declines (typically over a period of about 20 min). A 
43 kDa protein (FOAD II, factor of activation of degranu- 
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Figure 2. Inhibition of secretion from permeabilized eosino- 
phils by RhoGDI. Guinea pig eosinophils were permeabilized 
with streptolysin-0 in the presence of low calcium (pCa8), ATP 
and RhoGDI at the concentrations indicated and incubated for 
lOmin. They were then stimulated to secrete by addition of 
GTPyS and calcium (pCa5) and incubated for a further 10 min. 
Secretion was measured as the release of eosinophil peroxidase. 

lation) was identified that supports secretion (extended the 
period of responsiveness to stimulation) (figure 3). Elec- 
trophoretic analysis indicated that this is composed of two 
components, one of which (22 kDa) binds guanine nucleo- 
tides. Separation of the heterodimer by cation exchange 
chromatography yielded two components, one of which 
(28 kDa) proved to be an inhibitor. Sequence analysis then 
revealed this peptide to be RhoGDI and the GTP binding 
component to be Rac-I. While native Rac added to the 
permeabilized cells was without effect (probably due to its 
insolubility), its complex with RhoGDI (FOAD II) was 
found to support secretion [27]. 

4. Secretion induced by activated GTPases 

In contrast to the native protein, application of recom- 
binant Rac or Cdc42, preactivated by attachment of 
GTPyS, induces exocytosis in the presence of calcium 
[28]. Significantly, for secretion induced by these GTP- 
ases, the presence of free GTPyS is dispensable, though 
when provided it enhances the extent of secretion giving 
the clue that other activating GTP-binding proteins are 
present. Because the recombinant proteins are soluble, 
lacking any post-translational lipid modification, they do 
not have to be presented as heterodimeric complexes with 
RhoGDI. They are able to find their way to their appro- 
priate locations in the cell interior. 
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Figure 3. Resolution of FOAD II into two components. Chro- 
matography of partially purified protein from bovine brain by gel 
filtration on G75 Sephadex. The active material eluted as a single 
peak at 43 kDa. Gel electrophoresis revealed that it was com- 
posed of two components having a relative molecular mass of 22 
and 28 kDa. The smaller component bound GTP. Anion ex- 
change chromatography on MonoQ separated FOAD II into its 
separate components. The 28 kDa protein was found to inhibit 
secretion in the run-down assay and sequence analysis revealed 
it to be RhoGDI. The activating protein is the dimeric complex 
of RhoGDI with Rac. 



An encouraging pointer for future work is that Rac 
containing the substitution Y40C (in the so-called effector 
domain) retains its capacity to cause exocytosis. This 
mutant is unable either to interact with the Ser/Thr kinase 
p65PAK or to activate the JNK MAP kinase pathway, both 
known effector systems of the Rho family. By contrast, 
another effector domain mutant, F37A, is inactive. This 
mutation is understood to react with those effectors that 
contain a so-called CRIB (Cdc42/Rac interaction binding) 
sequence; it is unable to interact with the Ser/Thr kinase 
p!60ROCK, but retains the ability of the wild-type to 
induce rearrangements of the cytoskeleton [28, 29]. Hope- 
fully, other mutants in the effector binding domains of 
these GTPases will provide further clues to the identity of 
their immediate downstream partners. 



From Ca 2+ to GTP in the regulation of exocytosis 

5. Py-subunits enhance secretion induced by GTPyS 

The activating role for G i3 in the pathway initiated by 
the receptor-mimetic agents was based on the use of 
reagents that prevent the dissociation of the heterotrimer 
into its active components [25] and so it was unclear 
whether the signal is transmitted through a i3 or (3y. In 
order to resolve this problem, we set out to test the effect 
of isolated a i3 and Py-subunits provided to the permeabi- 
lized cells in the run-down procedure. It became apparent 
that a-subunits are without discernible effect on secretion 
induced by GTPyS. On the other hand, Py-subunits, both 
purified and recombinant, act to enhance the extent of 
secretion [30]. However, unlike the monomelic GTPases 
Rac and Cdc42, the Py-subunits are unable to induce 
secretion by themselves. It follows that they operate in 
conjunction with other GTP-binding proteins; obvious 
candidates must be Rac and Cdc42. 

Several other proteins have been proposed as possible 
candidate G E s, GTP binding proteins that mediate exocy- 
tosis. Microinjection of the persistently activated Ras 
oncogene product was found to induce the morphological 
changes characteristic of degranulation following a 4-h 
incubation [31]. The idea that activation of endogenous 
Ras might be a component of the normal stimulus- 
secretion pathway was never very plausible and, with 
hindsight, it seems possible that the effect might have been 
due to the induction of protein synthesis and the conver- 
sion of the cells into constitutive secretors. 

The possibility that Rab3A might be a regulator of 
secretion came from experiments in which peptides de- 
rived from the effector loop of this protein appeared to 
induce secretion in patch-clamped mast cells [32]. It was 
subsequently shown that this peptide also suppresses 
cAMP levels and induces Ca 2+ transients in mast cells 
[33], raising the possibility that its mode of action is 
non-specific. Additionally, peptides with modified se- 
quences were also found to cause fusion between pancre- 
atic zymogen granules and plasma membranes [34]. The 
possibility of a role for Rab3A at some point in the 
stimulus-secretion pathway was indicated by inhibition of 
IgE-induced secretion by transfection of a dominant 
negative mutant, albeit in RBL-2H3 cells. Since secretion 
from the transfected RBL cells could still be induced by 
GTPyS following permeabilization it appears that the 
block must be upstream of the site of action of G E [35]. 
Recent work has demonstrated that the main isoform of 
Rab3 present in mast cells is Rab3D and that this protein 
translocates to the secretory granules when the cells are 
stimulated [36]. Clearly, further work is required to 
determine whether Rab3D has any direct effect on exocy- 
tosis. 

Another GTP-binding protein that has been suggested 
to act as a regulator of exocytosis is ARF, based on its 
ability to prolong the run-down period in permeabilized 
HL60 cells [37]. We have failed to demonstrate any such 
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effect in mast cells (O'Sullivan and Gomperts, unpub- 
lished observations). The lesson to be heeded from this, 
and many other reports, is that the behaviour of cell lines 
is often only very distantly related to what actually 
happens in real cells. 

6. Downstream targets of Py-subunits 

In considering the possible downstream targets for the 
Py-subunits, an obvious candidate is PKC, activated 
through the products of PLCP [38]. However, the en- 
hancement of secretion due to Py-subunits remains mani- 
fest even under conditions of maximum activation by 
phorbol ester [30]. It follows that in addition to the 
activation of protein kinase C, the signal due to Py- 
subunits must also be relayed through a second, indepen- 
dent pathway. This is likely to involve proteins having PH 
domains. We showed that reagents known to impede the 
interaction of Py-subunits with PH domains (phosducin 
and the C-terminal peptide of the P-adrenergic receptor 
kinase I, PARK^ act to inhibit secretion induced by 
GTPyS and also to abrogate the enhancement due to 
exogenous Py-subunits. The PARK, PH domain, how- 
ever, also interacts with polyphosphoinositides. However, 
mutants that interact preferentially with polyphosphoi- 
nositides (rather than Py-subunits) remain inhibitory in the 
run-down assay. Thus, the phosphorylation state determin- 
ing the competence of mast cells to undergo secretion is 
likely to involve both proteins and inositol lipids. 

Support for this proposal comes from our recent experi- 
ments with phosphatidylinositol transfer proteins (PI-TP) 
that mediate the transfer of phosphoinositides to the cell 
membrane. We find that these too act to delay the progress 
of run-down (i.e., they support secretion). Conversely, 
reagents that interfere with this process (mutant PI-TP) or 
that block the head group of the inositol phospholipid 
(neomycin) accelerate run-down (inhibit secretion) [39]. It 
would appear that any procedure that acts to maintain the 
membrane complement of polyphosphoinositides extends 
the period of time following permeabilization, during 
which the cells retain their sensitivity to stimulation by 
guanine nucleotides and Ca 2+ . 

Although, as already remarked, phosphorylation is not 
a determining step in the pathway to exocytosis, the 
system does become sensitive to ATP as run-down pro- 
ceeds. The concentration required, (in the range 25-50 
|iM), should be sufficient to support phosphorylation by 
PKC [40]. Also, it should be sufficient to support phos- 
phorylation by PI 4-kinase [41] and some PIP 5-kinases 
[42, 43]. Alternatively, or additionally, a PI 3-kinase could 
be involved. However, although an isoform regulated by 
Py-subunits has been implicated in the secretory pathway 
of neutrophils [44], we have been unable to perceive any 
effect of compounds such as the inhibitors, wortmannin 
and LY294002 upon GTPyS induced secretion from 
permeabilized mast cells [30]. 
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7. Linking the two pathways of activation 

It will be important to show that the enhancement of 
secretion induced by Pv-subunits is prevented by RhoGDI 
and also if it still occurs in the absence of free guanine 
nucleotide when the stimulus is provided by pre-activated 
Rac and/or Cdc42. This would confirm that the Py- 
subunits are linked to the pathway of activation mediated 
by these proteins and not through further GTPases. The 
report that Vav acts as a guanine nucleotide exchange 
protein [45], linking the effects of the Src and Syk/ZAP 
family of non-receptor tyrosine kinases (e.g., Lyn and 
Syk) to the activation of the Rho-related GTPases, pro- 
vides the basis of an activating pathway from the receptor 
for IgE [46-48]. The basic plan is illustrated in figure 5. 

Since the enhancement of exocytosis by Py-subunits 
depends on the presence of an activating guanine nucleo- 
tide, it follows that they must activate or regulate another 
G-protein, either directly or, more likely, indirectly. In 
particular, members of the Dbl family (mammalian homo- 
logues of the yeast guanine nucleotide exchanger, Cdc24) 
operate as regulators for a number of Rho-family GTP- 
ases. Adjacent to the Dbl homology domain (DH) which 
comprises the nucleotide exchange activity, these proteins 
also contain at least one PH domain which could render 
them amenable to regulation by Py-subunits. There is 
good evidence that these PH domains mediate recruitment 
of the proteins to the membrane through interaction with 
lipids, py-subunits or isoforms of PKC [49]. 

Having established which monomeric GTPases are the 
physiological regulators of exocytosis we are in position 
to consider the identity of their downfield effectors. There 
is the possibility to be considered that the actions of the 
Rho-related GTPases are directly mediated by the cyto- 
skeleton. This seems to be unlikely. Although it undergoes 
extensive reorganisation in response to the activation of 
these GTPases it appears that neither the extent and nor 
the rate of secretion from mast cells is affected by 
manipulations (e.g., application cytochalasin) designed to 
affect the organisation of the cytoskeleton [50]. 

More pertinently, it should be possible to address the 
important questions regarding the relationship between 
GTPase activation and the SNARE proteins and their role 
in the induction of exocytotic fusion. In preliminary 
experiments (figure 4) we have found that botulinum toxin 
CI (BontCl) accelerates run-down (in eosinophils); 
BontA and BontB appear to be without effect. This 
suggests that a syntaxin is a component of the fusion 
complex. In addition, a recent report describes the role for 
SNAP-23 (not cleaved by BontA and BontE) in mast cells 
[51]. 

8. Conclusion 

Contributions from other groups investigating 
T-lymphocytes [52, 53], platelets [54, 55], and our own 
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Figure 4. Inhibition of secretion from permeabilized eosino- 
phils with botulinum CI toxin. Guinea pig eosinophils were 
permeabilized with streptolysin O in the presence of low calcium 
(pCa8), ATP and botulinum toxins A, B and CI (l(r 7 M), all 
previously activated by reduction. At the times indicated the cells 
were stimulated to secrete by addition of GTPyS and calcium 
(pCa5) and incubated for a further lOmin. Secretion was 
measured as the release of eosinophil peroxidase. Guinea pig 
eosinophils were permeabilized with streptolysin O in the 
presence of low calcium (pCa8), ATP and botulinum toxin CI at 
the concentrations indicated. After 10 min they were stimulated 
to secrete by addition of GTPyS and calcium (pCa5) and 
incubated for a further 10 min. 
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Figure 5. Scheme summarising lines of communication between the main components of the stimulus-secretion pathway in mast 
cells. For details, see text. Note that the identity of those items lacking a strong outline are inferred, not being based on direct 
experimental evidence. 



work on eosinophils [56-58] and neutrophils [11], lead us 
to understand that the regulation of secretion by GTP- 
binding proteins is a defining characteristic of all cells of 
haematopoietic origin. These share the property that their 
secretory granules are of lysosomal origin (secretory 
lysosomes). The mast cells have proved to be the most 
amenable for experimental manipulation. 



Note added in proof 

The following reference has been accepted after accep- 
tance of this article: Saito H., Okajima F., Molski T.F.P., 
Sha'afi R.I., Ui M, Ishizaka T., Effects of ADP- 
ribosylation of GTP-binding protein by pertussis toxin on 
immunoglobulin E-dependent and -independent histamine 



release from mast cells and basophils, J. Immunol 138 
(1987) 3927-3934. 
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